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A knowledge of charge changing cross sections is essential for the design of accelerators and storage rings for relativistic very heavy ions and for heavy ion inertial fusion. For accelerator design the cross section for electron capture by bare nuclei sets the maxim urn allowable pressure for beam survival in a storage ring. While the electron cap lure and ionization cross sections determine the energy needed to strip to bare nuclei, as well as the appropriate target to achieve the maximum stripping with the minimum energy straggling. In heavy ion inertial fusion the rate of energy deposition in the target will depend very strongly upon the charge state of the heavy ion. The charge state, initially very low to allow focusing of the beam, will change continuously· as the ·ion penetrates the target. The energy deposition profile can be calculated only if the charge state distribution is known at each point in the target. This is possible if the capture and loss cross sections are understood. Relativistic charge changing cross sections are also necessary to interpret cosmic ray' datal. Here, particles are identified by their rate of energy loss in materials, which depends . upon.the cosmic-ray charge state. For very heavy cosmic rays, the nuclei are not always bare.
In our experiments, charge changing cross sections are determined by least squares fits of capture and loss cross sections to curves of charge state populations versus target thickness. The distributions are measured (Fig. 1) by magnetic~lly analyzing the uranium ions after they pass through 'a target. After analysis the the separated charge states are detected by a position-sensitive proportional counter located about ·10 meters downstream from the magnetic spectrometer. At the proportional counter, the separation between adjacent uranium charge states is about 1cm and ·the convolution of the beam-width and the position-resolution of the proportional counter is about 0.2 cm full-width at halfmaximum.
Relativistic U 68 + ions are obtained from the Lawrence Berkeley Laboratory's Bevalac 2 -a heavy ion linear accelerator (Super-HILAC) and a synchrotron (Bevatron) operating in tandem. To reach these energies, the uranium ions are accelerated in five separate stages and stripped at the end of the second, third and fourth stages.
The equilibrium charge state distributions for '200 MeV Inucleon uranium (Fig. 2) were determined by substituting targets of increasing thickness until no change in. the charge state distribution was observed. The equilibrium charge state distributions for 437 MeV Inucleon and 962 MeV lriucleon uranium (Fig. 3) were determined from the ratios of capture and ionization cross sections. This is a potentially more accurate method because it avoids the problem of the beam slowing down or scattering in thick targets and uses data from many targets. We estimate the uncertainty in determining the the equilibrium distributions, mostly due to statistics and a small background, to be less than 5 percent of the total counts. At each of the three energies we observed all of the intermediate charge states from U 68 + to U92+ as the target thickness was increased. compare with theory we make use of the Bethe theory4 for energy loss in matter. At high energies, the projectile looses' energy by exciting and ionizing the target electrons. For ionization of the projectile, we simply reverse the role of the target and projectile and consider only transitions to the continuum. The cross section (O'i) for ionization of U90+,91+ is:
where 0.0 is the Bohr radius of hydrogen, ex is the fine structure constant, BK is is the K-shell binding energy in units of Rydbergs, Zr is the target atomic number and fK is a constant times the oscillator strength for transitions from the K shell to the continuum: fK = 0.29 and 0.58 for U91+ and U90+ respectively. The theory predicts a Zr dependence of the cross section which is consistent with the experimental data in Fig. 4 . Absolute values are also in agreement with experiment as our present level of accuracy. The second process for .electron capture is nonradiative charge exchanges. Relativistic cross sections for capture of an electron by a bare nuclei from a multi electron target have not yet been calculated. Calculations s for hydrogenlike targets however show that compared with REC, the cross. sections for charge exchange decrease more rapidly with increasing energy and decreasing target Z.
The data in Fig. 5 are consistent with REC being the dominant capture mechanism for low Zr targets. At low Zr the data is fit by the calculated REC cross sections and is in agreement with the uranium K shell REC cross sections measured at 422 MeV Inucleon by Anholt et a.l? For high Zr, the experimental cross sections are in excess of the REC cross section. The excess is larger at the lower energy and we attribute it to the contribution from charge exchange which scales as a high powers of Zr. The ionization cross section (Eq. 1) scales as ::::l Zr, and the REC cross section scales only as Zr.
The consequence of these scalings is that in the high energy region, where charge exchange is small and REC dominates, higher average charge states will be observed for high ZT targets because the ionization cross section grows faster with ZT than does the REC cross section. At low energies, where charge exchange dominates, the charge exchange cross section grows faster with ZT than the ionization cross section and higher average charge states are produced from low ZT targets. At intermediate energies the highest average charge states would then come from targets of intermedi-
This behavior is observed in the charge state distributions in Our measurements show that bare uranium can be produced at energies of from as low as 200 MeV Inuc1eon (5% yield), and with a yield of 50% at 400 MeV/nucleon and 85% at 1 GeV Inuc1eon. Beams with ~ 40% hydrogenlike U 91 + or 60% heliumlike U90+ can be produced. This makes it possible to perform spectroscopic measurements to test quantum electrodynamics using U 90 + and U91+. At very high Z the higher order terms in the self energy are the dominant QED contribution to the energy levels.
The REC cross. sections measured here indicate that at an energy of 1 GeV Inucleon, the mean time for electron capture by bare U 92 + in a storage ring with a vacuum of 10-10 Torr N2 is over 1/2 day. The mean survival time for U90+ at this pressure would be several hours. 
